The first nucleophilic substitution reaction of organoindium with sulfonyl chlorides has been exploited. This reaction of vinylindium, derived from terminal alkynes via hydroindation, with sulfonyl chlorides in the presence of Ag 2 O provides access to vinyl sulfones. The vinyl sulfones were formed highly regio-and stereo-selectively with E stereochemistry.
Introduction
Vinyl sulfones are widely used as building blocks in synthetic organic chemistry. For example, the chemical versatility of the sulfone moiety enable these compounds to undergo highly stereoselective nucleophilic conjugate additions and cycloadditions, 1 cyclopropanation, 2 epoxidation, 3 palladium-catalyzed cascade arylation with aryl iodides, 4 radical conjugate additions, 5 and aza-Michael addition. 6 Vinyl sulfones have been used for total synthesis of natural products. 7 Furthermore, the sulfone group can be removed at the end of a synthetic sequence by a variety of reductive, alkylative or oxidative methods, where the sulfone moiety is replaced by a hydrogen, an alkyl or aryl group generated from a suitable organometallic crosscoupling reagent, or an oxygen function. 8 Vinyl sulfones can be transformed to vinyl silanes and germanes, 9 and vinyl sulfides. 10 Furthermore, vinyl sulfones in medicinal chemistry represent a new class of inhibitors of such as cysteine proteases 11, 12 , inducible VCAM-1 expression 13 and depeptidyl peptidase I (DPPI), 14 and transpeptidase 15 .
Due to their wide application, various methodologies for the synthesis of vinyl sulfones have been developed. Main ways to prepare vinyl sulfones include oxidation of the corresponding β-arylthio systems and β-elimination, 16 ionic or radical addition of PhSO 2 X (X = Cl, Br, I, SePh, etc.) to alkenes followed by β-elimination, 17 22 one-pot reaction of sulfinic acid sodium salts and dibromides, 23 CuI-catalyzed coupling reaction of vinyl bromides with sulfinic acid salts, 24 or AIBN catalyzed addition of polystyrenesupported selenosulfonates to alkenes. 25 In particular, the protocol for the preparation of vinyl sulfones by treating vinyl organometallic reagents with sulfonyl derivatives seems to be direct and efficient. Vinylzirconium, 26 vinylaluminium, 27 vinyltin 28 and vinylmercury 29 have been utilized for this purpose. Although these methods have been proven powerful in the synthesis of vinyl sulfones, they generally suffer from drawbacks such as sensitivity to air and water, 26 ,27 unavailability of vinyl organometallic reagents, [26] [27] [28] [29] and the necessity for transition metal catalysts 28 or toxic reagents and unusual reaction conditions incompatible with various functional groups. 29 Thus, the development of convenient and highly stereoselective methodologies for the synthesis of vinyl sulfones via vinyl organometallic reagents is of current interest.
Results and Discussion
Due to mild reaction activity, organoindium reagents such as vinylindium can tolerate a wide range of functional groups, and selectively undergo many reactions. 30 They are readily available, relatively inert to air and water, and thermally stable and readily handled without special precautions. To our knowledge, nucleophilic substitution reactions of organoindium reagents with sulfonyl chlorides have never been investigated. Based on our aim, in theory, vinyl sulfones can be generated by nucleophilic substitution reaction of vinylindium with sulfonyl chlorides.
Vinylindium reagents were generated by hydroindation of terminal alkynes according to literature. 31 We planned that resulting vinylindium reagents might react with sulfonyl chlorides without isolation. We initiated the investigations on this generation and substitution reaction of vinylindium by screening for optimal reaction conditions. Utilization of 0.1 equivalents of InCl 3 and 1.5 equivalents of NaBH 4 in hydroindation reaction of ethynylbenzene in CH 3 CN, followed by treatment with tosyl chloride at room temperature, afforded an expected product (E)-1-methyl-4-(styrylsulfonyl)benzene in less than 10% yield (entry 1 in Table 1 ). This indicated that InCl 3 did not work catalytically but a stoichiometric amount is necessary. When 1.5 equivalent of InCl 3 was used in the hydroindation step under the same conditions, (E)-1-methyl-4-(styrylsulfonyl)benzene was generated in up to 81% yield (entry 2 in Table 1 ). However, the expected product was afforded in only 40% yield when the substitution reaction of styrylindium intermediate with tosyl chloride was carried out at 0 o C (entry 3 in Table 1 ). It was noted that a desired substitution reaction did not take place at -15 o C (entry 4 in Table 1 ), and 1-methyl-4-(phenethylsulfonyl)benzene was generated in 46% yield via the reduction reaction of (E)-1-methyl-4-(styrylsulfonyl)benzene at 60 o C (entry 5 in Table 1 ). When CH 2 Cl 2 and EtOAc were used as solvent, yields were poor (entries 6 and 7 in Table 1 ). Especially, no desired reaction took place in benzene (entry 8 in Table 1 ). We could deduce no formation of vinylindium in benzene, as quenching with saturated NH 4 Cl previous to adding TsCl did not give styrene under the same conditions. Presumably, this reaction was a vinylindium formation-controlled process. However, in InCl 3 -NaBH 4 −CH 3 CN system, reaction velocity could obviously enhance in the presence of one equivalent of silver oxide (entry 9 in Table 1 ). This showed that silver oxide promotes the reaction of vinylindium intermediates with tosyl chloride. Therefore, the optimal reaction system was as follows: using 1.5 equivalents of InCl 3 for the formation of vinylindium, CH 3 CN as solvent, one equivalent of Ag 2 O as additive, room temperature in the substitution step. Subsequently, in InCl 3 -NaBH 4 −CH 3 CN system, we examined terminal alkynes 1 and sulfonyl chlorides 2 in the reaction sequence in the presence of one equivalent of Ag 2 O (Scheme 1). The results were summarized in Table 2 . The results showed that p-or m-substituent on substituted phenyl rings, such as alkyl and halogen, had unfavorable effect on the yields when pmethylbenzenesulfonyl chloride was used as electrophile (entries 1-5 in Table 2 ). The effects of substituents on substituted phenyl rings were similar to that above-mentioned when benzenesulfonyl chloride and methanesulfonyl chloride were employed in preparation of vinyl sulfones (entries 6-9 in Table 2 ). In all case only E-isomer 3 was formed. But under the same conditions, the aliphatic terminal alkynes did not react at all (entries 10-12 in Table 2 ). In most cases, the reaction of vinylindium with sulfonyl chlorides was favored by the presence of Ag 2 O as additive. A reasonable explanation is that Ag 2 O seems to promote the leave of chlorine as anion, while an attack by vinylindium is at the same time made in the opposite direction, thus leading to favorable generation of vinyl sulfones 3 (Scheme 2). 
Conclusions
In summary, nucleophilic substitution reaction of organoindium reagents with sulfonyl chlorides was investigated for the first time. This protocol proved to be a facile method for the synthesis of vinyl sulfones starting from terminal arynes via vinylindium. This new method has several advantages, such as mild reaction conditions, simple experimental process, highly regio-and stereoselectively. More efficient methods for the formation of vinylindium starting from other alkynes and potential uses of this methodology in preparation of other sulfones are under investigation in our laboratory.
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General. All solvents were dried before use. All chemical reagents were analytical grade and used without further purification. NMR spectra were recorded on a Bruker Avance DPX-500 spectrometer in CDCl 3 with tetramethylsilane as an internal standard. Infrared spectra were obtained using a Nicolet Nexus FT-IR spectrophotometer. Elemental analyses were obtained using a Thermofinnigan Flash-Ea 1112 series apparatus. MS (FAB) and HRMS spectra were recorded on waters ZQ2000 and Bruker APEX IV, respectively. Melting points were measured by an optical microscopic melting point instrument and are uncorrected. Reaction monitoring was accomplished by TLC on silica gel PolyGram SILG/UV 254 plates.
Preparative procedure for vinyl sulfones
A mixture of InCl 3 (0.75 mmol) and NaBH 4 (2.5 mmol) in dry CH 3 CN (3 ml) was stirred at -15 o C under nitrogen for 30 min, and then terminal alkyne (0.5 mmol) was added. After stirring for another hour, sulfonyl chloride (0.5 mmol) dissolved in CH 3 CN (1 ml) was injected, followed by addition of Ag 2 O (0.5 mmol). The reaction mixture was warmed to room temperature and stirred for another 5-24 hours. The mixture was filtered and washed by CH 3 CN (3 x 3 ml). Combined filtrate was concentrated in vacuum. The residue was purified by column chromatography on silica gel (100-200 mesh) by eluting with petroleum ether/ethyl acetate (6:1) to give the corresponding vinyl sulfones 3a-I (Table 2) . 
